An electrodeposition cell is used to sustain a destabilizing concentration difference of copper ions in aqueous solution between the top and bottom boundaries of the cell.
I. INTRODUCTION
Double diffusive convection occurs in a fluid whose density depends on two properties with different diffusion constants. The prototypical example is water whose density depends on temperature and salt concentration. This particular combination is relevant in oceanography and the interest in double diffusive convection historically originated in this field.
More applications have since emerged in geophysics, astrophysics, and engineering 1 Layers dividing the fluid volume into several sections in the vertical direction with little advective transport between the layers is frequently observed in double diffusive systems, irrespective of which component is stabilizing and which is destabilizing. The necessary conditions for layer formation remain controversial [3] [4] [5] .
The experiments reported here deal with a double diffusive convective system which forms fingers but no layers so that various scaling laws obeyed in the finger regime can be determined accurately.
A popular experimental setup for the study of double diffusive convection has been water with gradients of salt and sugar concentrations. The diffusion coefficients of salt and sugar differ by a factor of about 3. However, the ratio of the diffusivities of temperature and salt is much larger, typically around 100. The large aspect ratio of fingers makes their numerical simulation difficult. Experiments on the other hand have a problem in maintaining a steady state. Many experiments start from an initial distribution of salt and temperature and let the salt stratification disappear in the course of time. Some results may then depend on whether an experiment was started from a continuous stratification or a step function in the salt distribution 6 . One is therefore interested in experiments capable of keeping both constant temperature and concentration differences between top and bottom boundaries.
Maintaining a temperature difference is simple, but the salt stratification is problematic. One solution is to use an apparatus with permeable membranes as top and bottom boundaries 7, 8 .
Water tanks with constant temperature and salt concentration placed outside the convecting volume on the other side of each membrane guarantee steady conditions in the experimental
cell.
An alternative solution to the problem consists in using an electrochemical system. Convection in electrochemical cells with vertical electrodes has been studied at least since 1949 9, 10 . Even an application to double diffusion with horizontal gradients appeared 11 .
Electrochemical convection was later noted in a cell with horizontal electrodes 12 and developed into an analogy for Rayleigh-Bénard convection 13 . The principle of the system used most frequently and also in this paper is to fill a cell with a solution of CuSO 4 and to place copper electrodes at the top and bottom of the cell. When an electric current is sent through the cell, copper dissolves from one electrode and is deposited on the other electrode.
A non-uniform spatial distribution of copper ion concentration is responsible for buoyancy and convection. In order for copper ions to behave in the same way as salt or temperature in a Rayleigh-Bénard experiment, one needs to make sure that the ions diffuse and are advected, but do not experience a force in the electrical field due to the potential difference applied between the two electrodes. This is achieved by dissolving a large concentration of another electrolyte such as H 2 SO 4 which does not participate in the chemical reaction at the electrodes and which screens the electrical field in the bulk of the cell. The electrical field separates ions of the electrolyte which accumulate in charged layers of microscopic thickness next to each electrode so that the copper ions move essentially in a field free environment.
Refs. 13 and 14 provide more details about the electrochemical system and its relation to Rayleigh-Bénard convection.
In the experiments presented here, the two copper electrodes are regulated in temperature, with a cold cathode at the bottom and a warm anode at the top. Temperature is thus stabilizing and the ion concentration is destabilizing. Mass transport is conveniently measured in this system because it is directly related to the current flowing through the electrodes. Since the working fluid is transparent, we also use particle image velocimetry (PIV) to measure velocity and finger sizes. We are able to vary the chemical and thermal 
II. EXPERIMENTAL PROCEDURES
This section will describe a novel experimental realization of a double diffusive convection cell in which temperature and ion concentration are the two diffusers. It is useful to first introduce some nomenclature and definitions to describe the system. Double diffusive systems are characterized by four control parameters: There are two diffusivity ratios, the Prandtl number P r and the Schmidt number Sc,
in which ν stands for the kinematic viscosity of the convecting fluid, κ for its thermal diffusivity, and D for the ion diffusion constant. There are furthermore the thermal and chemical Rayleigh numbers, Ra T and Ra c ,
with g the gravitational acceleration and L the cell height. The two expansion coefficients α and β determine variations of density ρ around a reference state with density, temperature, concentration and pressure ρ 0 , T 0 , c 0 and p 0 via
Both α and β are positive. The sign convention for the Rayleigh numbers used in this paper is such that negative Rayleigh numbers indicate a stable stratification. This implies that
with the subscripts indicating the boundary at which temperature T or concentration c are evaluated. Another dimensionless number in common use which will become useful below is the density ratio Λ:
Λ quantifies the ratio of thermal and chemical buoyancy forces.
The electrochemical aspects of the experiment are essentially the same as in ref. 13 The Sherwood number, which is the same thing as the chemical Nusselt number, is directly proportional to the number of ions transported from top to bottom divided by the purely diffusive current, so that the Sherwood number can be determined by
if j is the current density, z the valence of the ion (z = 2 for Cu 2+ ) and F Faraday's constant. A transference number, which must sometimes be taken into account when computing Sherwood numbers 13 is so small in the present case that it was neglected.
The double diffusion experiment was preceeded by another experiment in which the Bénard experiments at these Rayleigh numbers 17 .
A typical experimental run of double diffusion convection was performed as follows: Care was taken when filling the container that no air was trapped inside the cell. Then the top and bottom plates were set to the desired temperatures and enough time was allowed for a linear temperature gradient to establish. The voltage was then applied instantaneously and the current observed. During transients lasting from a few minutes to one hour, the current oscillated with decreasing amplitude and period until the limiting current was reached.
After that time, the current fluctuated by less than 1% and a statistically stationary finger pattern filled the whole cell. This pattern could be observed in shadowgraph pictures taken in parallel, an example of which is shown in figure 2 . The precise nature of the initial conditions turned out to be irrelevant for the final state. A few runs were started from uniform temperature and copper concentration, and the water circulation through the thermostats and the voltage were switched on simultaneously. This procedure led to longer transients but did not change the measurements thereafter.
PIV measurements were performed in the stationary state. The light beam of a 50mJ
Nd:YAG laser system with two IR laser heads illuminated a vertical plane with a width of 
For the determination of the finger size, the vertical velocities in the PIV velocity fields were
Fourier transformed along the horizontal and the spectra averaged over all horizontal lines and all pictures. The location of the maximum of the spectrum yields the finger thickness.
Independently, the finger thickness could simply be measured on the pictures with a ruler.
The accuracy of the determination of d is limited by the number of fingers visible on any one picture. The relative error on d is typically 10%. The error on V depends on the setting of the PIV system and could be as large as 20 %. The limiting current is the most accurate of our measurements with an error of a few percent. There is also an uncertainty on the control parameters. The measurements at small ∆T suffer most from fluctuations in the temperature regulation. Moreover, the material constants are based on extrapolations from relatively few measurements 14 which adds up to an uncertainty on the Rayleigh numbers on the order of 10 %. 
III. RESULTS AND DISCUSSION
The main quantitative results are contained in table I. The most important qualitative observation from shadowgraphs and PIV is that fingers exist at all. This is remarkable because apart from two exceptions, |Λ| < 1 in the experiments and the total density is unstably stratified so that fingers are not necessary for convection to start. One might also think that at |Λ| = 10 −2 , the presence of the weak stable thermal stratification should be irrelevant for the chemical convection, but it is not. Fingers still appear. They are of course absent for Λ = 0. The isothermal experiments in figure 1 have Λ = 0 and it could be verified at the occasion of those preliminary experiments that a single convection roll forms in a cubic cell in this case and that the aspect ratio of convection rolls in the cell of height 20mm
is compatible with what is known from ordinary Rayleigh-Bénard convection 18 .
Some more information about the structure of the fingers can be deduced form table I.
The finger thickness always exceeds the concentration boundary layer thickness λ, which can be computed from the measured Sherwood number as
λ is small compared with the cell height L in all cases. Since the fingers extend across the entire height of the cell, they carry fluid directly from one boundary layer to the other. In a horizontal cross section, they must therefore consist of a core of size λ, which is the detached boundary layer, surrounded by the entraining fluid filling a cross section of size d. The ion exchange between neighboring fingers is small as long as the distance over which ions diffuse during the time it takes to transit from one boundary to the other is small compared with the finger size, i.e. as long as (
It can be seen from figure 4 that chemical exchange between fingers can be neglected for the experiments listed in table I, and that this will not be true any more around |Λ| ≈ 5.
If there is no significant chemical diffusion across fingers, it is a simple matter to estimate Sh for Sh >> 1 from the advective transport:
wherec denotes the concentration anomaly in a finger averaged over its cross section.c = λ/d∆c. Figure 5 shows that
is a good representation of the data from which we conclude that fingers have a lamellar shape.
P r and Sc vary by less than 30% in table I so that a dependence on these parameters cannot be extracted from the data. It must be kept in mind that the prefactors in the power laws given below potentially depend on both P r and Sc.
Let us now turn to the scaling of the finger width. Which parameters do we expect 
The quality of this fit can be judged from figure 6 . The important point is that the exponents obey 4γ 1 + 3γ 2 = −1 so that eq. (11) is compatible with the general picture of fingers The velocity near onset is small so that the Reynolds number is small, but experiments and weakly nonlinear analysis 19 show that velocity is proportional to (Ra
Returning to double diffusion, the additional requirement v ∝ g 1/2 fully determines the exponents γ 3 and γ 4 to be γ 3 = −1/2 and γ 4 = 1. And indeed, a good fit to the data of table I is close to (see figure 7 )
A linear regression applied to the logarithm of eq. (12) yields as best fit Re = 2.9 × prefer eq. (12) over the direct fit is that eqs. (10, 11, 12) now fix the dependence of Sh on Ra T and Ra c to be
which is shown in figure 8 and which is also recovered from a direct fit by linear regression to the logarithms, whose result is Sh = 0.017|Ra T | −0.095 Ra 0.45 c . Since Sh ∝ L/λ and since we may again argue that λ ought to depend on ∆c, ∆T /L but not on L, we expect a scaling 
IV. CONCLUSION
With an electrochemical technique, double diffusive convection can be investigated with a tabletop experiment for P r ≈ 9, Sc ≈ 2200 and chemical Rayleigh numbers ranging This indicates that conditions suitable for finger formation are much more widespread than linear stability analysis suggests 2 .
